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Strain plays a critical role in the properties of materials.  In silicon and silicon-germanium, strain 
provides a mechanism for control of both carrier mobility and band offsets.  In materials integra-
tion, strain is typically tuned through the use of dislocations and elemental composition.  We 
demonstrate a versatile method to control strain, by fabricating membranes in which the final 
strain state is controlled by elastic strain sharing, i.e., without the formation of defects.   We 
grow Si/SiGe layers on a substrate from which they can be released, forming nanomembranes.  
X-ray diffraction measurements confirm a final strain predicted by elasticity theory.   The effec-
tiveness of elastic strain to alter electronic properties is demonstrated by low-temperature longi-
tudinal-Hall effect measurements on a strained-Si quantum well before and after release.  Elastic 
strain sharing and film transfer offers an intriguing path towards complex, multiple-layer struc-
tures in which each layer’s properties are controlled elastically, without the introduction of unde-
sirable defects. 
 
Strain plays a critical role in the properties of 
many materials.  It is important in devices rang-
ing from high-speed electronics, to micro and 
nanoelectromechanical systems (MEMS and 
NEMS), to nanophotonics.  In silicon/silicon-
germanium semiconductor heterostructures, 
strain provides control over band offsets and can 
increase carrier mobility in both Si and SiGe.1  It 
is generally desirable to have a Si film with sig-
nificant tensile strain. Thus, minimizing strain-
induced defects, while simultaneously control-
ling strain, is crucial for obtaining high-quality 
materials suitable, e.g., for high-performance de-
vices. 
The conventional means for producing 
strain in Si films is to grow the Si on a strain-
relaxed SiGe virtual substrate.2   This virtual 
substrate, in turn, is created by growing strain-
graded SiGe layers on bulk Si, a process that 
necessarily uses dislocations to provide relaxa-
tion.3  In this process, misfit dislocations at the 
interfaces between the layers (created by the 
strain differential between the layers) relax the 
strain, but, inevitably, they also produce detri-
mental effects.  Every misfit dislocation has two 
threading arms associated with it that extend 
through the entire structure, including the ulti-
mate strained-Si layer.  Scattering of charge car-
riers by these threads can degrade the carrier 
mobility at high thread densities of 107-109.4  
While lower thread densities (~105) are obtain-
able by thick strain grading layers, further reduc-
tion may still offer improvement, and complete 
elimination of the thick strain grading layer in its 
entirety would be ideal.  Misfit dislocations at 
the strained-Si layer can also extend if this layer 
exceeds its critical thickness, limiting design 
freedom.5, 6  Finally, the relaxation process in the 
SiGe layers generates steps at the sample surface 
through the opening of dislocation loops.  These 
steps bunch, creating a rough surface referred to 
as cross-hatch.  A polishing and cleaning step is 
then necessary before further device processing. 
Compliant substrates have been pro-
posed as a way to overcome these limitations of 
dislocation-based relaxation.7   A compliant sub-
strate, composed of a very thin strained-layer 
system supported by a thick rigid substrate, is in-
tended to achieve strain control with no disloca-
tions by distributing the strain among the differ-
ent layers based on their compositions and thick-
nesses.  Compliancy requires, however, that the 
whole film system can slide freely on the sub-
strate (hence the name compliant), something 
that has been very difficult to achieve.8, 9  Small-
area compliant substrates have used SiGe mesas 
on borophosphosilicate glass to create relaxed 
SiGe mesas up to 200 µm x 200 µm.10 
Extending the concept of compliancy, if 
the substrate on which the strained-layer system 
is grown were “nothing,” or if the substrate 
could be removed before the film system is re-
quired to relax, one could have all the benefits of 
a strained-Si film without any of the problems of 
defect generation or lack of compliancy. This 
concept has been partially realized with undercut 
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structures, leaving a substrate supported at dis-
crete points, such as mesas supported either by a 
center pedestal or at the edges. Undercut sub-
strates have been used for both Si/SiGe and III/V 
strain-relaxed layer systems.11-14  However, in 
this approach relaxation cannot occur effectively 
at the contact points, and the areas that can be 
made free-standing are relatively small. Elasti-
cally strain relaxed InGaAs regions have been 
made starting with mesas that were subsequently 
undercut, allowing the relaxed InGaAs tethered 
regions to fall to the substrate below to create ar-
eas of relaxed material.15, 16   
We describe here a methodology that 
extends the above approaches in that it allows 
the fabrication of large freestanding elastically 
strain-relaxed membranes.  In our case the mem-
branes are SiGe based, but the concept is gener-
alizable. Our membranes are temporarily com-
pletely free-floating, and during this step can be 
transferred to a new substrate.  We can thus ef-
fectively create thin strained-Si layers on any-
thing that is not rapidly soluble in water.  We 
further show that elastic strain can be used to 
tune the electronic properties of materials.  
Comparison with theory confirms that the elec-
tronic improvements are directly connected to 
the observed changes in mechanical strain. 
We grow SiGe films on ultra-thin Si-
on-insulator (SOI) substrates below the thick-
nesses at which dislocations form. We com-
pletely release large continuous membranes of 
the film system by removing the oxide layer us-
ing an HF etch, allowing the film system to 
achieve the final strain state that minimizes the 
system free energy.  In this paper we focus on 
membranes transferred to oxidized Si.  However, 
Figures 1a-c show that we can also release mem-
branes as large as 5 mm x 5 mm on metal grids, 
glass, and Teflon®.  Because the final strain state 
is reached in solution, the final substrate does not 
play a role in strain management.  Nonetheless, 
strong attachment via van der Waals bonding oc-
curs on all substrates; if stronger chemical at-
tachment is needed for further processing, it 
must be developed for each new substrate. 
It is useful to note that transfer of thin 
films is not unprecedented – although previous 
work has not used the transfer process to induce 
a change in strain. Transfer of thin-film semi-
conductors to alternate substrates has been 
achieved using transfer materials such as wax,17-
19 wet printing of small pieces released into wa-
ter solution,18 or through wafer bonding of either 
relaxed or strained films.20, 21  We believe that 
these methods are fully compatible with the elas-
tic relaxation methods we present here. 
Membrane formation begins using 
commercially available SOI with typically a 100 
nm thick Si template layer and a 200 nm thick 
buried-oxide layer, but these thicknesses can be 
larger or smaller.  We thin the Si template layer 
to 20 nm (or any value desired), using a dry 
thermal oxidation at 1050 ºC, followed by an HF 
dip.  Next, an epitaxial structure is grown con-
sisting of Si, SiGe, and Si layers on the thinned 
SOI by chemical vapor deposition (CVD) at 580 
ºC in a cold-walled ultra-high-vacuum CVD 
(UHV-CVD) reactor at a pressure of 30 mTorr. 
We monitor the growth in-situ with reflection 
high-energy electron diffraction (RHEED).  
The composition of the SiGe layers and 
the thicknesses of all layers can be modified de-
pending on the desired properties. To create flat 
membranes, we grow films that will balance the 
strain once the membranes are released.  Here we 
exam two different sets of samples to confirm 
the presence and effectiveness of elastic-strain 
Figure 1 Silicon nanomembranes transferred onto several substrates. a, A metal grid with an L-
shaped membrane (light color), showing the flexibility of the membrane. b, Glass. c, Teflon®. 
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sharing.  In the first, we grow rather thick films 
that can be characterized readily with x-ray dif-
fraction, consisting of 48 nm of Si on 128 nm of 
Si0.84Ge0.16 on 56 nm of Si on insulator (SOI). 
This approximately balanced film structure re-
sults, once it is released, in a flat membrane with 
tensilely strained Si layers sandwiching a com-
pressively strained SiGe layer.  In the second set, 
we deposit a modulation-doped Si quantum well 
structure sandwiched between Si0.68Ge0.32   layers 
deposited onto a relaxed Si0.79Ge0.21-on-insulator 
(SGOI) substrate.    This sample is suited for 
low-temperature electrical characterization, and 
also it demonstrates that following growth, yet 
before release, the samples can be patterned and 
processed as usual for Si devices.  Processing af-
ter transfer is also possible, as discussed below.  
Details of the membrane transfer technique can 
be found in the section on Methods. 
We transfer a 4 mm x 4 mm piece of the 
first sample onto a new silicon wafer (001).  An 
optical micrograph of the released membrane is 
shown in Figure 2b.  Membranes are very flexi-
ble while free, and can be adjusted on the new 
substrate until the water has evaporated.  The 
transferred membrane shows few visible wrin-
kles or cracks over the entire 4 mm x 4 mm area 
of the film, suggesting the membranes are quite 
robust.  Intermittent-contact mode atomic force 
microscopy (Fig. 2c) shows that the membranes 
are also flat on an extended scale, with no visible 
cross hatch. There was no change in the RMS 
roughness after release as measured by averaging 
over 5 squares of 2 µm x 2 µm on both the as-
grown sample and following release.  The RMS 
roughness of the as-grown film was 0.430nm 
and, after release, measured 0.425 nm.  Rough-
ness on this scale is typical of an unrelaxed SiGe 
film deposited on bulk Si.   
To confirm that the release process 
causes elastic strain sharing in the released 
membrane, we made x-ray diffraction (XRD) re-
ciprocal-space maps of the structure to determine 
the strain, thickness, and composition of the 
layer system both before and after its release.  
We measured the diffuse intensity around the 
(004) reflection to obtain a map containing in-
formation on strain and orientation in the as-
grown state.  Immediately following growth and 
before release, the system was coherent with the 
substrate (lattice matched, no dislocations, SiGe 
layer compressively strained), a conclusion that 
can be drawn from the alignment of the theta/2-
theta peaks of the Si handle wafer and Si film as 
shown in Fig. 3a (an unprocessed SOI sample 
shows the same alignment).  We confirmed 
structural coherency using maps of (224) reflec-
tions, which contain components of in- and out-
of-plane lattice constants.  Dislocation driven 
film relaxation in the Si/SiGe (001) system 
manifests itself in significant mosaic broadening 
and the absence of thickness fringes. The narrow 
Si and SiGe film diffraction peaks with strong 
thickness fringes in our samples support the lack 
of dislocation driven relaxation in the SiGe film.  
We fit theta/2-theta line scans to determine the 
composition of the SiGe layer and all layer 
thicknesses.   
 We were able to perform identical XRD 
measurements on the membrane after transfer, as 
shown in Figure 3b.  Because the SiGe film is 
sandwiched between two Si layers of equal 
thicknesses, a flat membrane results, with the 
strain divided between the Si and SiGe.   The 
new Si substrate is used to determine the zero-
strain position of the Si peak in XRD in the same 
way as the handle wafer was used for the unre-
leased structure.  The post-release XRD map of 
Figure 3b shows partially relaxed SiGe, and par-
tially strained Si.  The strain distribution matches 
the prediction of a simple elastic-strain sharing 
model discussed below.  In the unreleased sys-
tem, the Si handle-wafer peak and the Si film 
peak are aligned in the theta/2-theta scan.  In the 
released and transferred membrane, the separa-
tion in theta between the Si substrate (new han-
Figure 2  Membrane formation. a, Schematic 
diagram of membrane formation and transfer. 
Etching of the oxide by HF releases the 
membrane, which is then transferred to a new 
substrate. b, Optical micrograph of a 1.8mm 
x 1mm part of a released 4mm x 4mm mem-
brane of a strain-balanced 48 nm Si / 128 nm 
Si0.84Ge0.16 / 56 nm Si transferred in solution 
to an oxidized Si wafer.  c, 8 µm by 8 µm 
AFM image of the same surface. 
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dle) and the Si membrane peak in the theta/2-
theta scan is 0.091 ± 0.008°.  The SiGe peak 
shifts by the same amount as the SiGe film re-
laxes.   These peak separations correspond to a 
tensile strain in the Si layer in the released mem-
brane of 0.30 ± 0.02 % and a compressive strain 
in the SiGe layer of the released membrane of 
0.29 ± 0.02 %.  In addition to demonstrating a 
strained Si layer, the XRD map shows omega 
peak widths of less than 0.03º.  The widths of 
these diffraction peaks are an order of magnitude 
narrower than those typically observed in 
strained Si grown on a strain-graded SiGe sub-
strate.3   Line scans through the SiGe and Si 
films have thickness fringes from the finite film 
thicknesses before and after release as shown in 
Fig. 3a-b.  The continued presence of thickness 
fringes and narrow peak widths are in agreement 
with dislocation-free relaxation.   
Figure 3c shows an XRD reciprocal-
space map of the transferred membrane after de-
positing a second SiGe layer, which is chosen to 
have a higher Ge concentration.  To grow this 
second layer, the usual wet chemical cleaning 
steps were followed, showing the robustness of 
the transferred membrane to processing.  The 
peak from this second SiGe film is seen in theta 
just below the peak from the first SiGe film.  The 
strained-Si film peak and the initial SiGe film 
peak have not moved in theta, indicating that the 
strain state of the pre-existing films has not 
changed.  The lack of strain change is evidence 
that the bonding of the transferred membrane to 
the new substrate is good enough so that the 
membrane is not compliant.  Of course, we can 
now again release the membrane system by etch-
ing the oxide, and the new membrane will again 
relax elastically, driven by the increased strain 
produced by the new SiGe layer. 
The measured strain distribution in the 
Si/SiGe/Si membrane can be compared to the 
strain expected for an ideal elastic system with 
this thickness and initial strain state, using the re-
lations 
 
Figure 3 XRD reciprocal-space maps of several Si/SiGe/Si membrane conditions. a, The Si/SiGe/Si 
film stack as deposited on an SOI substrate.  The Si film peak and Si substrate peaks are perfectly 
aligned in 2 theta.  A cut, as shown to the right of the map, through the Si/SiGe film peak was fit using 
the commercial package Bede Rads Mercury to determine layer thickness and Ge composition.  b, The 
released membrane transferred to a new oxidized Si substrate.  The Si film peak is shifted to a higher 2
theta angle from the Si substrate peak, indicating tensile strain in the Si membrane.  The SiGe film peak 
has shifted to higher angle, consistent with relaxation of compressive strain.  The line scan to the right 
of the map through the Si/SiGe/Si film peaks shows the continued presence of the thickness fringes fol-
lowing release.  c, The transferred membrane after deposition of a second SiGe film with higher Ge 
concentration.  The diffraction peak corresponding to this layer appears below the peak corresponding 
to the original SiGe film, indicating a higher compressive strain.  The peaks for the original membrane 
do not move relative to the Si substrate, confirming no change in the strain state of the layers of the 
original membrane. 
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where εm is the mismatch strain, and ε,  
ν−= 1
EM , and h are the layer strain, biaxial 
moduli (in terms of Young’s modulus and Pois-
son’s ratio), and thicknesses of the Si and SiGe 
layers.22  Equations (1) and (2) are derived from 
the force balance between the two layers and the 
requirement of lattice coherence across the inter-
face.22  This method of analysis is generalizable 
to many layer systems by adding a coherency 
equation corresponding to each new interface.  
For the layer system described here, with 104 nm 
of Si and 128 nm of Si0.81Ge0.19, the strain will 
have opposite sign for, and be distributed be-
tween, the two materials.  The mismatch strain is 
εm = 0.60%.  The predicted peak separation cor-
responds to a tensile strain of 0.32 ± 0.01 % in 
the Si layers and a compressive strain of 0.27 ± 
0.01 % in the SiGe layer.  The predicted and 
measured strain values agree within the limits of 
uncertainty.  The uncertainty in the predicted 
strain values comes from the uncertainties in 












Figure 4 Electron transport measurements in band-structure engineered elastically strained 
nanomembranes.  a, Image of the released membrane and Hall bar with ohmic contacts; Hall bar is 
outlined for visibility.  b, Longitudinal magnetoresistance before and after release. (Current from con-
tacts 1 to 4.  Voltage between contacts 2 and 3.)  The strong positive magnetoresistance before release 
is indicative of many occupied subbands. The flat magnetoresistance and Shubnikov-de Haas oscilla-
tions after release are indicative of single subband occupation and two-dimensional transport.  c, The 
measured heterostructure layers; the Si0.81Ge0.19 layer is phosphorous-doped at 2x1018cm-3; the upper 
Si0.68Ge0.32 layer is doped at 4x1017cm-3 for 34 nm of thickness, starting 11 nm above the quantum 
well.  Before release, the silicon quantum well (circled) is tensile strained 0.76%.  After release the 
strain increases to 0.99%.  d, Calculations of the electronic states and the Fermi level in the before 
and after release quantum wells.  Before release, two subbands are occupied, containing approxi-
mately 2/3 and 1/3 of the total charge respectively.  After release, a single subband is occupied.  In-
sets show subband details.  
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To confirm that the induced strain pro-
duces the desired electronic effects – in this case, 
the desired conduction band offsets – we grew a 
SiGe heterostructure containing a thin Si quan-
tum well.  Tensile-strained Si has a larger band 
offset with SiGe than unstrained Si does.  Thus, 
better quantum well confinement and fewer oc-
cupied subbands after release would provide a 
demonstration of elastic strain sharing and band 
structure engineering.  The initial substrate in 
this case was relaxed SiGe-on-insulator (SGOI), 
with a nominal composition of Si0.80Ge0.20.  XRD 
measurements confirm that the actual composi-
tion is 21(±2)% Ge and is 95(+5,-10)% relaxed, 
creating an initial tensile strain of 0.76% in the 
Si quantum well. The final structure, also from 
XRD, is 24 nm Si0.79Ge0.21, 20 nm Si0.81Ge0.19 P-
doped at 2 x 1018 cm-3, 95 nm undoped Si 
0.68Ge0.32, a 16 nm pure-Si quantum well, 11 nm 
undoped Si0.68Ge0.32, 34 nm Si 0.68Ge0.32 P-doped 
at 4 x 1017 cm-3, 22 nm undoped Si0.68Ge0.32, and 
a final cap layer of  5 nm Si (Fig. 4).  We note 
here that the uncertainty in the starting SGOI 
substrate (composition and strain) is the largest 
uncertainty.  Absolute determination of strain 
and composition using (224) maps suffers from 
angular uncertainty arising from the 0.2 degree 
mosaic spread of SGOI.  Changes in strain alone 
(see below) are revealed much more precisely by 
XRD.Before release, Hall bars (300 µm x 20 
µm) were etched into the heterostructure by a 
SF6 reactive ion etch to a depth of 90 nm, and 
ohmic contacts were made using an evaporated 
Au/Sb alloy followed by a rapid thermal anneal.  
The patterned samples were then immersed in a 
buffered HF solution for 20 min, undercutting 
the entire structure, which was allowed to col-
lapse in place onto the substrate.  This in-place 
collapse results in some local buckling of the 
film as it elastically expands, as shown in 
Fig. 4a, but this effect contributes negligibly in 
x-ray measurements.  X-ray diffraction shows an 
angular shift of the strained Si peak following re-
lease of 0.07º ± .005º, indicating an increase of 
strain in the Si quantum well from the initial 
0.76% to 0.99% ± 0.01%, as expected for strain 
sharing. 
Both before and after release, four-
probe longitudinal magnetoresistance measure-
ments were performed at a temperature of 2 K 
using ac lock-in techniques with 20 nA current 
bias at 11 Hz.  As shown in Fig. 4b, the before-
release longitudinal resistance shows a pro-
nounced upward curvature typical of a quantum 
well with more than one occupied subband.23 
Weak Shubnikov-de Haas oscillations are super-
imposed in the before-release data and arise from 
the lowest occupied subband.23  Following re-
lease, the elastic strain relaxation in the thick 
Si0.68Ge0.32 layers causes an increase in the tensile 
strain of the thin silicon quantum well, resulting 
in an increase in quantum well depth of ap-
proximately 50 meV.  The longitudinal resis-
tance after release shows a flat magnetic-field 
dependence for small magnetic fields and pro-
gressively larger Shubnikov-de Haas oscillations 
at higher fields.  Such a curve, with low or zero 
curvature at zero field, is a hallmark of two-
dimensional electronic transport in a single sub-
band24 and demonstrates that the elastic relaxa-
tion does indeed create the desired electronic-
band-structure effects.  Fig. 4d (top) shows the 
calculated Fermi level and subband energies af-
ter release, using the 2DEG electron density, the 
observation of single-subband occupation from 
Fig. 4b, and band offsets from reference 25 as 
input parameters.  Fig. 4d (bottom) shows the 
subband energies and Fermi level before release, 
with the multiple-subband occupation resulting 
solely from the smaller tensile strain in the sili-
con layer before the elastic strain relaxation of 
the entire heterostructure.  It is useful to note that 
the electronic transport is not sensitive to the 
bowing observed in the membrane, as shown in 
Fig. 4a, and, of course, that the membrane is in-
deed flexible.  The insensitivity of transport to 
this bowing is in part due to the four-probe 
measurement geometry, so that any distortions at 
the contacts are unimportant, and it is due in part 
to the small area fraction of the bowed regions.  
As discussed, the curvature in this sample results 
from dropping the membrane in place, in order to 
facilitate our before-and-after comparison.  
Transfer of a membrane from one substrate to 
another would result in no buckles (as in the first 
example in this paper).
 For the purposes of this paper, we used 
thick Si layers and low SiGe composition to 
transfer relatively small strains to Si as a proof of 
principle.  XRD confirms that release causes 
elastic strain relaxation, and comparison with 
simple theory demonstrates ideal strain sharing 
behavior.  The strain transferred to the Si can be 
greatly increased by decreasing the total Si 
thickness and/or increasing the Ge composition 
of the alloy.  We have grown Si/SiGe/Si struc-
tures with such higher Ge compositions in the al-
loy layer and with thinner relative Si thickness, 
to transfer more strain to the Si.  As bonding is 
not essential to maintain strain in the system, a 
very wide range of possibilities exists for the 
choice of the new substrate; good adhesion be-
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tween the layers in the structure itself is of 
course necessary.  We expect that membrane 
transfer to flexible substrates is possible, and we 
also believe the concept presented here can be 
applied directly to other materials systems for 
which a release layer can be incorporated into 
the structure. 
This research was supported by DOE, 




Membranes are released using wet chemical 
etching with hydrofluoric acid (HF).  To increase 
the rate of membrane release, we generally pat-
tern an array of holes using conventional photo-
lithography and etch down to the oxide using re-
active ion etching to provide access for the HF.   
Before release, the membrane-on-insulator is 
cleaned to remove any remaining photoresist, 
and the oxide is etched in a 49% HF solution for 
10 – 90 minutes, depending on the separation of 
the access holes.  We choose the separation of 
the holes on the basis of the desired HF etch 
time.  A film system with 5 µm holes and a 200 
µm pitch requires a 90 min etch in 49% HF.  We 
have made membranes in sizes from ½ x ½ cm 
down to 5 x 5 µm; both larger ones and smaller 
ones are possible.  No holes are used for small-
size membranes.  
After the buried oxide is completely 
removed, the membrane is loosely bound to the 
surface of the Si handle wafer.  The piece is 
transferred from the HF to a DI water beaker.  
The membrane can be completely released from 
the starting substrate with agitation or the addi-
tion of a solvent at which point it will float on 
the surface of the water, where it is easily picked 
up by the new desired substrate.  Figure 2a 
shows a schematic diagram of the film structure 
and release process.  So far we have transferred 
membranes to several new substrates, as men-
tioned above.  Membranes can, of course, also be 
transferred to curved substrates, either rigid or 
flexible. 
For the purposes of this paper, we de-
scribe membranes transferred to new bulk-Si 
substrates terminated with 100 nm of thermal 
SiO2.  After drying, the membrane sticks weakly 
to the new substrate.   To obtain a strong bond 
between the membrane and the substrate, we an-
neal the membrane without pressure on a hot 
plate for 5 min at 100 °C followed by 5 min at 
500 °C.  After this heat treatment, the membrane 
remains flat and can survive chemical processing 
(piranha, AHP, HF) with no damage.  These 
bonded membranes can be used as substrates for 
further growth, as we have demonstrated by 
growing a second SiGe film of higher Ge com-
position via CVD on a released, bonded mem-
brane that was annealed and chemically cleaned.  
Hence a multiple-growth-and-release process is 
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